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Background: THIK1 and THIK2 are related leak K� channel subunits.
Results: Assembly of THIK1 with THIK2 was shown by dominant negative effects of pore-mutated subunits, in situ proximity
ligation assay, FRET, and electrophysiology of covalent THIK1/THIK2 dimers.
Conclusion: THIK1 and THIK2 assemble and form active channels.
Significance: In cell and tissues co-expressing THIK1 and THIK2, heterodimeric channels may contribute to cell excitability.

Despite a high level of sequence homology, tandem pore
domain halothane-inhibited K� channel 1 (THIK1) produces
background K� currents, whereas THIK2 is silent. This lack of
activity is due to a unique combination of intracellular retention
and weak basal activity in the plasma membrane. Here, we
designed THIK subunits containing dominant negative muta-
tions (THIK1DN and THIK2DN). THIK2DN mutant inhibits
THIK1 currents, whereas THIK1DN inhibits an activated form
of THIK2 (THIK2-A155P-I158D). In situ proximity ligation
assays and Förster/fluorescence resonance energy transfer
(FRET) experiments support a physical association between
THIK1 and THIK2. Next, we expressed covalent tandems of
THIK proteins to obtain expression of pure heterodimers.
Td-THIK1-THIK2 (where Td indicates tandem) produces K�

currents of amplitude similar to Td-THIK1-THIK1 but with a
noticeable difference in the current kinetics. Unlike Td-THIK2-
THIK2 that is mainly detected in the endoplasmic reticulum,
Td-THIK1-THIK2 distributes at the plasma membrane, indi-
cating that THIK1 can mask the endoplasmic reticulum reten-
tion/retrieval motif of THIK2. Kinetics and unitary conduc-
tance of Td-THIK1-THIK2 are intermediate between THIK1
and THIK2. Altogether, these results show that THIK1 and
THIK2 form active heteromeric channels, further expanding
the known repertoire of K� channels.

Electrophysiology has identified many different native K�

currents that have been classified according to the mechanisms
or stimuli that control their activity. Then the cloning of the
corresponding K� channels has shown that they form the larg-
est family of ion channels with more than 78 genes encoding
pore-forming subunits (1). These subunits are divided into

three major classes according to their membrane topology. In
the first class, Ca2�-and Na�-activated subunits (KCa, KNa) are
related to voltage-dependent (Kv) channels that have a central
core with six transmembrane segments (TMS).2 In the second
class, inwardly rectifying, ATP-sensitive and G protein-coupled
K� channel (Kir) subunits have only two TMS. 6TMS and
2TMS subunits contain a single pore domain (P), and the
assembly of four subunits is necessary to form a functional pore
(2, 3). The leak or background K� channels (K2P) with two
pore domains (P1 and P2) per subunit form the last family. Two
subunits containing four TMS assemble to form the ion con-
duction pathway (4, 5). Many pore-forming subunits form
functional homomeric as well as heteromeric channels.
Depending on the number of possible combinations, this het-
eromerization dramatically enhances the number of function-
ally distinct K� channels, providing the cells with an increased
diversity of K� channels without increasing the number of
genes (1).

Heteromerization occurs between closely related subunits
and has been observed within almost all the different subfami-
lies of 6TMS and 2TMS proteins (6 –14). In comparison, little is
known about the assembly of K2P channels. Unlike KCNK7 and
TASK5, which are silent subunits, all K2P channels produce
functional homodimers (15–17). Few examples of heteromer-
ization have been reported. The first example is well docu-
mented and relates to the TASK subfamily. Functional TASK1/
TASK3 heterodimers present intermediate properties due to
the different pharmacologies and pH sensitivities of the two
individual subunits (18, 19). The second example concerns the
potential dimerization of TWIK1 with TASK1 or TASK3 (20).
TWIK1 would confer sensitivity to sumoylation to TWIK1/
TASK heteromeric channels. Although the existence of such
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dimers between members of distant subfamilies would be par-
ticularly original, it is still uncertain because of the controver-
sial regulation of TWIK1 by small ubiquitin-like modifier
(SUMO) (21, 22). Finally, the last and most recent example is
the assembly of TWIK1 with TREK1 that produces astrocytic
passive conductance and cannabinoid glutamate release from
astrocytes (23).

Tandem pore domain halothane-inhibited K� channel 1
(THIK1) produces background K� currents (24). Despite 62%
amino acid identity with THIK1 (KCNK13, K2P13.1), THIK2
(KCNK12, K2P12.1) is not active upon heterologous expression
(24, 25). Previously, we have shown that this apparent lack of
activity is due to a unique combination of strong retention in
endoplasmic reticulum and low intrinsic channel activity at the
plasma membrane (26). A THIK2 mutant containing a proline
residue in its second membrane-spanning segment (THIK2-
A155P) produces K�-selective currents with properties similar
to THIK1, including inhibition by halothane and insensitivity
to extracellular pH variations (26). The cytoplasmic N-terminal
region of THIK2 contains an arginine-rich motif that acts as a
retention/retrieval signal. Mutation of this motif in THIK2
induces a relocation of THIK2 to the plasma membrane result-
ing in measurable currents. The same results were described
using rat THIK subunits rather than the human ones (27). Alto-
gether these results demonstrate that THIK2 is able to form
active homodimers. Here, we show that THIK1 and THIK2
co-assemble and form functional channels in the plasma
membrane.

EXPERIMENTAL PROCEDURES

Constructs—Human THIK1 was cloned into the HindIII/
XhoI sites of pLIN, a derivative of the pGEM vector for expres-
sion in Xenopus oocytes or pcDNA3 (Invitrogen), for expres-
sion in mammalian cells (Madin-Darby canine kidney
(MDCK)). Human THIK2 was cloned into the HindIII/BamHI
sites of pLIN and pCDNA3 vectors. To generate dominant neg-
ative THIK1 (G113E) and THIK2 (G132E) and hyperactive
THIK2 channels (A155P-I158D), site-directed mutagenesis
was carried out by PCR of the full-length plasmid by using Pfu-
Turbo DNA polymerase (Agilent). The entire cDNAs were
sequenced. Wild-type and mutated THIK1-THIK2 tandems
were constructed by overlapping PCRs and cloned into Hin-
dIII/SalI sites of pLIN and HindIII/XhoI sites of pcDNA3 Zeo
(�) (Invitrogen). THIK1-THIK1 and THIK2-THIK2 tandems
were constructed by separate PCRs and cloned into XbaI-Hin-
dIII-SalI sites of pLIN and XbaI-HindIII-XhoI of pcDNA3. For
immunocytochemistry experiments, Myc (EQKLISEEDL),
HA (YPYDVPDYA), or V5 (GKPIPNPLLGLDST) tags were
inserted by PCR at the N or C terminus of THIK1, THIK2, and
TREK1. GIRK2-V188G is cloned into HindIII/XhoI sites of
pLIN (28). For in situ proximity ligation assay and single-chan-
nel recordings, THIK1-Myc, TREK1-HA, THIK2-HA, THIK2-
5RA-HA, and Td-THIK1-THIK2 were subcloned into pIRES2-
EGFP vector (Invitrogen). For fluorescence resonance energy
transfer experiments, THIK1 and THIK2 were subcloned into
HindIII/BamHI sites of pECFP-N1 and pEYFP-N1. TREK1-
EYFP was a generous gift from Dr Amanda Patel.

Oocyte Expression and Two-electrode Voltage Clamp
Recordings—Capped cRNAs were synthesized by using the
AmpliCap-Max T7 high yield message maker kit (CellScript)
from plasmids linearized by AflII. RNA concentration was
quantified using a NanoDrop (Thermo scientific). Stage V-VI
Xenopus laevis oocytes were collected, injected with 1–10 ng of
each cRNA, and maintained at 18 °C in ND96 solution (96 mM

NaCl, 2 mM KCl, 2 mM MgCl2, 1.8 mM CaCl2, 5 mM Hepes, pH
7.4). Oocytes were used 1–3 days after injection. Macroscopic
currents were recorded with two-electrode voltage clamp
(Dagan TEV 200 or iTEV90 HEKA Elektronik amplifier). Elec-
trodes were filled with 3 M KCl and had a resistance of 0.5–2
megaohms. A small chamber with a rapid perfusion system was
used to change extracellular solutions and was connected to the
ground with a 3 M KCl-agarose bridge. All constructs were
recorded in ND96. Stimulation of the preparation, data acqui-
sition, and analysis were performed using pClamp software
(Molecular Devices) or PatchMaster (HEKA Elektronik). All
recordings were done at 20 °C.

MDCK Cell Expression and Immunocytochemistry—MDCK
cells were grown in 24-well plates on coverslips and transiently
transfected with THIK plasmids using Lipofectamine 2000
(Invitrogen). 24 – 48 h after transfection, cells were fixed and
permeabilized, and channels were labeled with primary
anti-HA antibody (HA-7, Sigma, 1/1000) or anti-Myc antibody
(9E10, Roche Applied Science, 1/1000), and secondary anti-
mouse coupled to Alexa Fluor 488 (Invitrogen). To test for co-
localization of THIK channels with plasma membrane or endo-
plasmic reticulum, an mCherryFP-PH-PLC� plasmid was
co-transfected to visualize the cell surface, or the cells were
labeled with anti-calreticulin antibody (PA3-900, Thermo Sci-
entific, 1/1000) and secondary anti-rabbit antibody coupled to
Alexa Fluor 594 (Invitrogen). Coverslips were mounted in
Mowiol medium onto slides and observed with a confocal
microscope (LSM780 Carl Zeiss).

Duolink Proximity Ligation Assay (PLA)—Duolink in situ
PLA probe anti-mouse PLUS (DUO92001), in situ PLA probe
anti-rabbit MINUS (DUO92005), and Duolink in situ detection
reagents red kit (DUO92008) were purchased from Sigma-Al-
drich. MDCK cells were co-transfected with a pIRES2-EGFP
and a pCDNA3 construct each containing a K2P subunit (0.5 �g
each). Cells were fixed, permeabilized, and incubated with pri-
mary mouse anti-HA (HA-7, Sigma, 1/1000) or mouse anti-
Myc (9E10, Roche Applied Science, 1/1000) and rabbit anti-V5
(PRB-189P, Covance, 1/1000) antibodies for 2 h at 37 °C in anti-
body diluent solution from kit. Cells were processed for
Duolink revelation according to the manufacturer’s recom-
mendations. Finally, coverslips were mounted onto slides.
Observation fields were randomly chosen using a Zeiss micro-
scope with a 40� objective.

Förster/Fluorescence Resonance Energy Transfer (FRET)—
FRET measurements were done on a laser scanning confocal
microscope (TCS SP5, Leica Microsystems) using gradual
acceptor photobleaching strategy (29). CFP and YFP images of
the entire cells were sequentially taken during 2 min (40
sequences) using a 63�/1.4 NA oil immersion objective. CFP
was excited at low power of the 405-nm laser to avoid direct
excitation of YFP and photobleaching during acquisition. CFP
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emission was detected between 430 and 496 nm. YFP was pho-
tobleached inside a region of interest (ROI) with full power laser
at 514 nm, and images of this photobleaching were taken from
525 to 589 nm. To specifically measure FRET at the plasma
membrane and to eliminate signal from the endoplasmic retic-
ulum, ROI were chosen to only target the cell surface. 12-bit
raw images were analyzed using a home-made ImageJ macro
program (30). This macro analyzed the intensity variations of
the CFP fluorescence emission inside the ROI where YFP was
bleached. Three ROI on the CFP stack of images were used.
First, a ROI of the YFP bleached area was defined for CFP
measurement (Imeasure). Another ROI of the background
(Ibackground) was chosen to correct Imeasure. Imeasure was also
corrected for photobleaching induced by image acquisition
using a third ROI (Iphoto) inside the cell but apart from the first
ROI. Mean gray values were extracted from each ROI, and the
CFP intensity was corrected according to this formula

Icorrected � �Imeasure � Ibackground�/�Iphoto � Ibackground� (Eq. 1)

FRET efficiency was calculated using the following formula:
(Imax � I0)/Imax. I0 corresponds to CFP intensity corrected in
presence of YFP at the start of the imaging process (before
bleaching), and Imax is the CFP intensity when CFP reaches its
maximal recovery as YFP is totally bleached.

Single Channel Recording—HEK293 cells were transfected
with pIRES2-EGFP plasmids containing open reading frames of
THIK1, THIK2-5RA, and Td-THIK1-THIK2 using Lipo-
fectamine 2000 and OPTI-MEM I reduced serum medium (Life
Technologies). Cells were used 2 days after transfection. Elec-
trophysiological recording was performed using a patch clamp
amplifier (Axopatch 200B, Molecular Devices). Glass patch
pipettes (thick-walled borosilicate, Warner Instruments)
coated with SYLGARD were used to minimize background
noise. Channel current was filtered at 2 kHz and transferred to
a computer using the Digidata 1320 interface at a sampling rate
of 20 kHz. Single-channel currents were analyzed with the
pClamp program, and the tracings shown in the figures were
filtered at 1.2 kHz. For analysis of single-channel currents,
the amplitude of each channel was set at �0.5 pA, and the
minimum duration was set at 0.05 ms. In experiments using
cell-attached patches, pipette and bath solutions contained (in
mM): 150 KCl, 1 MgCl2, 5 EGTA, 10 glucose, and 10 HEPES (pH
7.3). All experiments were performed at room temperature
(�25 °C). Differences among groups were analyzed using one-
way analysis of variance test with post hoc comparisons using
the Tukey’s test (SPSS18 software). Significance was set at p �
0.05. Data were represented as mean 	 S.E.

RESULTS

Co-expression of THIK1 and THIK2—To date, the cellular
localization of THIK1 and THIK2 has only been achieved in the
kidney. Both subunits have the same localization along the
mammalian nephron and collecting duct system (31). Only
slight differences in intensity and subcellular distribution were
observed (31). This co-localization suggested that THIK1 and
THIK2 may form heterodimers. However, another study has
reported that co-expression of the silent rat THIK2 with the

active rat THIK1 had no effect on the current levels, suggesting
that THIK2 was not able to assemble with THIK1 (24). To reas-
sess this result, cRNAs coding for human THIK proteins were
synthesized in vitro and co-injected in Xenopus oocytes. 2 days
after injection, currents were recorded using two-electrode
voltage clamp. Fig. 1A displays the theoretical probability of
subunit assembly for ratios 1:1 and 1:3. If THIK1 and THIK2 do
not assemble, then the current amplitude should correspond to
THIK1 homodimers and should not be affected by the co-ex-
pression of the silent THIK2. If THIK1 and THIK2 interact but
form inactive heterodimers, only a fraction of THIK1 current
should remain after co-expression of THIK2 (25% for the ratio
1:1 and 6.25% for the ratio 1:3). Alternatively, if the THIK1/
THIK2 heterodimers have the same properties as the THIK1
homodimers, co-injecting THIK2 should increase the total cur-
rent. Fig. 1 (B and D) shows that co-expressing THIK2 with
THIK1 has none of the expected effects. Increasing THIK2
cRNA induces a moderate decrease of the current amplitude
(Fig. 1B). For a ratio of 1:3, a 50% decrease of the current is
observed, with a shift from 1.8 	 0.1 �A at 0 mV for THIK1
alone to 0.8 	 0.07 �A at 0 mV for THIK1 � THIK2 (Fig. 1, B
and D). To rule out a nonspecific effect related to competition
for protein translation or trafficking in oocytes, we co-ex-
pressed another K� channel subunit unlikely to assemble with
THIK1. We co-expressed THIK1 and a subunit of the Kir chan-
nel family, GIRK2-V188G, that is a constitutively active mutant
of GIRK2 (28). THIK1 injected alone generates modest inward
currents but strong outward currents, whereas GIRK2 currents
are mainly inward as Mg2� and polyamines block K� exit upon
depolarization (Fig. 1C). Co-expressing the two subunits elicits
currents with combined inward and outward currents similar
to the expected sum of THIK1 and GIRK2 currents. We then
subtracted the averaged current-potential (I-V) relationship of
GIRK2 from the I-V curve obtained from oocytes co-expressing
THIK1 and GIRK2. This calculated THIK1 current was com-
pared with the current measured in oocytes expressing THIK1
alone. Inward current amplitude (at �120 mV) and outward
current amplitude (at �60 mV) were not significantly different
between the calculated and measured conditions demonstrat-
ing that in these experimental conditions, THIK1 current is not
affected by the expression of another unrelated membrane
protein.

We next tested the effect of THIK2 on THIK1 by keeping
constant the quantity of total injected cRNAs. Decreasing
THIK1 cRNA (alone or by compensating with GIRK2 cRNA)
leads to the expected linear decrease of the current amplitude
(Fig. 1E). When THIK2 is co-expressed, the decrease of the
current amplitude is more important and non-linear, confirm-
ing that THIK2 has an effect on THIK1. Together with the
previous results, this observation suggests that THIK2 does
assemble with THIK1, forming a THIK1/THIK2 heterodimer
that is less active than the THIK1 homodimer. The lower activ-
ity may be due to differences in channel trafficking to the
plasma membrane or in permeation properties.

Design of THIK1 and THIK2 Dominant Negative Mutants—
To confirm heteromerization of THIK1 and THIK2, we
designed a more sensitive test based on the dominant negative
action of non-functional subunits. THIK subunits with a loss-
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of-function mutation were designed by replacing the first gly-
cine of the K� signature sequence (GYG) in the first pore
domain (P1) of THIK1 and THIK2 by a glutamate. These muta-

tions are analogous to the G95E mutation in TASK1 and G144E
in TREK1 that were previously used to generate dominant neg-
ative subunits (32). THIK1-G112E (named THIK1DN) and

FIGURE 1. Co-expression of THIK1 and THIK2. A, theoretical probability of dimeric subunit assembly after injection of different ratios of cRNAs. B, left,
representative current traces obtained from oocytes expressing THIK1 (2.5 ng of cRNA/oocyte), THIK2 (7.5 ng of cRNA), or THIK1 and THIK2 (2.5 and 7.5 ng of
cRNA, respectively) bathed in ND96 external solution. Currents were recorded at membrane potentials ranging from �120 mV to �60 mV from a holding
potential of �80 mV in 10-mV increments. Right, histograms representing the steady-state current amplitudes (mean 	 S.E.) at 0 mV; the number of oocytes
is indicated in parentheses. C, left, representative current traces obtained from oocytes expressing THIK1 (2.5 ng of cRNA/oocyte), GIRK2-V188G (7.5 ng of cRNA),
or THIK1 and GIRK2-V188G (2.5 and 7.5 ng of cRNA, respectively) bathed in ND96 external solution. Currents were recorded as in B. Right, averaged I-V
relationship of GIRK2 was subtracted from the I-V curve obtained from oocytes co-expressing THIK1 and GIRK2 to obtain a calculated THIK1 current. This
calculated THIK1 current (gray bars) was compared with the current measured in oocytes expressing THIK1 alone (black bars) at �120 mV and at �60 mV.
Values represent mean 	 S.E.; the number of oocytes is indicated in parentheses. D, THIK1 cRNA (2.5 ng) was co-injected into oocytes with increasing amounts
(0, 2.5, 5 and 7.5 ng) of GIRK2-V188G cRNA (white circles) or THIK2 cRNA (black circles). The current amplitude at 0 mV for each condition was normalized against
the current amplitude measured from oocytes injected with 2.5 ng of THIK1 cRNA. Values represent mean 	 S.E. E, decreasing amounts of THIK1 cRNA (3, 1.5,
1, and 0.75 ng) were injected alone (white circles) or with increasing amounts of THIK2 cRNA (black circles) or GIRK2-V188G cRNA (white squares) to keep injected
cRNAs constant at 3 ng. The current amplitude at 0 mV for each concentration was normalized with THIK1 currents (3 ng).
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THIK2-G131E (named THIK2DN) mutants were expressed in
oocytes alone or in combination with their functional homolog
subunit (Fig. 2). As expected, when expressed alone, THIK1DN

and THIK2DN failed to produce currents (Fig. 2, B and D). Then
we verified that THIK1DN was acting as a dominant negative
subunit on THIK1. To favor the formation of inactive THIK1/
THIK1DN heterodimers versus active THIK1/THIK1 homo-
dimers, we used a ratio of 1:3 between wild-type and loss-of-func-
tion subunits (Fig. 2A). As expected, THIK1DN was able to inhibit
current expression. The suppressing effect was almost complete,
as THIK1 current amplitude dropped from 3.5 	 0.3 �A, n 
 9 at
0 mV to 0.5 	 0.04 �A, n 
 8 in the presence of THIK1DN (as
compared with 0.07 	 0.008 �A, n 
 6 for non-injected oocytes of

the same batch). Because THIK2 does not generate measurable
current in oocytes, we took advantage of the active mutant THIK2-
5RA** that contains the quintuple trafficking mutation 5RA
(R11A,R12A,R14A, R15A,R16A) and the double gating mutation
** (A155P,I158D) (26). As shown in Fig. 2C, THIK2DN inhibits
THIK2-5RA**, the current amplitude shifting from 5.3 	 0.6 �A,
n 
 12 at 0 mV to 1.7 	 0.3 �A, n 
 12 in the presence of
THIK2DN.

THIK1DN and THIK2DN Act as Dominant Negative Subunits
in Heteromeric THIK1-THIK2 Channels—We next tested the
effect of THIK1DN on THIK2-5RA** and of THIK2DN on
THIK1. The dominant negative effect of the mutated subunits
is dose-dependent and maximum at ratio 1:3 (Fig. 2). THIK1DN

FIGURE 2. THIK1DN and THIK2DN subunits bearing a loss-of-function mutation act as dominant negatives. Dominant negative subunits (THIKDN) were
constructed by mutating a glycine in the K� signature sequence of the first pore domain (G112E for THIK1 and G131E for THIK2). A, representative current traces
obtained from oocytes expressing THIK1 (2.5 ng of cRNA/oocyte) in combination with THIK1DN or THIK2DN (7.5 ng of cRNA). Currents were recorded at
membrane potentials ranging from �120 mV to �60 mV from a holding potential of �80 mV in 10-mV increments. B, histograms representing steady-state
average current amplitude (mean 	 S.E.) at 0 mV recorded for oocytes expressing THIK1 (2.5 ng of cRNA), THIK2-5RA** (2.5 ng of cRNA), and TREK1 (2.5 ng of
cRNA) alone or co-injected with increasing amounts of THIK1DN cRNA (0, 2.5, 5, and 7.5 ng). THIK1DN (7.5 ng of cRNA) expressed alone is a non-functional subunit
as illustrated in the left histogram. The number of oocytes per condition is indicated in parentheses. C, representative current traces obtained from oocytes
expressing the active mutant THIK2-5RA** alone (2.5 ng of cRNA injected/oocyte) or in combination with THIK1DN or THIK2DN (7.5 ng of cRNA/oocyte). D, same
experiment as in B, but with co-expression of increasing amounts of THIK2DN. The number of oocytes per condition is indicated in parentheses.
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largely inhibits THIK2-5RA** (Fig. 2, A and B), the current meas-
ured at 0 mV decreasing from 5.2 	 0.6 �A, n 
 12 to 1.3 	 0.1 �A,
n 
 12 in the presence of THIK1DN (ratio 1:3). Conversely, co-ex-
pression of THIK2DN with THIK1 suppresses the expressed cur-
rent, from 2.3 	 0.2 �A, n 
 14 to 0.8 	 0.08 �A, n 
 10 (ratio 1:3,
Fig. 2, A and D). As expected, THIK1DN and THIK2DN have no
significant effect on the current produced by TREK1, a distant K2P
subunit (Fig. 2, B and D).

Physical Interaction of THIK1 and THIK2 Subunits—Assem-
bly of THIK1 and THIK2 was next tested using the Duolink in
situ PLA and the FRET technology (Figs. 3 and 4). Both tech-
niques rely on the very close proximity between interacting
proteins (�40 nm for Duolink PLA and �10 nm for FRET)

(Figs. 3A and 4A). A strong PLA signal corresponding to
homodimers was observed in MDCK cells expressing THIK1,
THIK2, or TREK1 subunits tagged with two different
sequences (Myc, V5, or HA tags). 74.5% of the cells gave positive
PLA signal for THIK1 homodimers, and 53.5% gave positive
PLA signal for THIK2 homodimer. A strong signal was also
observed in 71.6% of the cells co-expressing THIK1 and THIK2,
demonstrating the formation of heterodimers (Fig. 3, B and C).

FIGURE 3. Visualization of the THIK1/THIK2 interaction by in situ proxim-
ity ligation assay (PLA, Duolink technology). A, schematic description of
PLA. B, MDCK cells were co-transfected with different combinations of THIK1,
THIK2, and TREK1. Subunits were tagged as indicated (Myc, V5, or HA tags),
and antibodies directed against these tags were used for PLA. For each test of
interaction, one of the two subunits was cloned into a pIRES2-EGFP vector to
visualize transfected cells (green cells, the subunit subcloned into pIRES2-EGP
is indicated in green). Bright red dots correspond to positive PLA between
interacting subunits. Homodimeric THIK1, THIK2, and TREK1 channels and
heterodimeric THIK1/THIK2 channels gave a positive signal. No signal was
observed when THIK1 or THIK2 were co-expressed with TREK1. C, quantifica-
tion of the PLA-positive signal. The percentage of cells corresponds to the
number of PLA-positive cells (green and red) relative to the number of trans-
fected cells (green). The number of observed cells is indicated in parentheses.
Each condition was repeated three times.

FIGURE 4. THIK1-THIK2 interaction visualized using FRET technology. A,
schematic description of FRET measurement by acceptor bleaching. B, FRET
measurements. Different combinations of THIK1, THIK2, THIK2-5RA (surface
expressed THIK2), and TREK1 subunits fused to EYFP or ECFP were co-trans-
fected in MDCK cells. For FRET positive control condition, pTOM, a plasmid in
which EYFP is directly linked to ECFP, was transfected alone. For each condi-
tion, FRET was measured at the plasma membrane during a bleach exposure
of EYFP (594 nm) while ECFP fluorescence was recovering (407 nm). F (fluo-
rescence) over F0 (fluorescence at t 
 0) was plotted to normalize the inten-
sity and observe CFP recovery, whereas YFP was photobleached. C, quantifi-
cation of the FRET signals (mean 	 S.E.). The number of cells per condition is
indicated in parentheses. Each condition was repeated three times.
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As negative controls, THIK2 and THIK1 were co-expressed
with TREK1, a distant K2P subunit (Fig. 3, B and C). Only 2.4%
of the cells co-expressing THIK1 and TREK1 gave a PLA signal,
7.5% for the cells co-expressing THIK2 and TREK1 (Fig. 3C).
These results were further confirmed by FRET. Different com-
binations of THIK1, THIK2, THIK2-5RA, and TREK1 fused to
EYFP or ECFP were co-transfected in MDCK cells. For each
condition, FRET was detected by measuring the increase of CFP
donor intensity after photobleaching of EYFP acceptor (Fig. 4A)
(33). For the FRET positive control condition, pTOM, a plas-
mid for expression of EYFP directly linked to ECFP, was trans-
fected alone. With this covalent tandem of fluorescent proteins,
FRET efficiency was 25.5 	 1.3%, n 
 13. Co-transfection of
THIK1 and THIK2 generated FRET. The efficiency of 16.6 	
2%, n 
 9 is not significantly different from the FRET produced

by THIK1 homodimers, 17 	 1.2%, n 
 14. TREK1 is not able to
generate FRET when co-expressed with THIK1 (2.9 	 0.4%,
n 
 13) or THIK2-5RA (1.9 	 0.6%, n 
 9), confirming the
specific assembly of THIK1 with THIK2 (Fig. 4, B and C).

Covalent THIK1-THIK2 Tandems Are Present in the Plasma
Membrane and Generate K� Currents—To verify that hetero-
meric THIK1-THIK2 channels are functional and produce cur-
rents, we prepared plasmids for expression of tandems (named
Td-THIKx-THIKx) in which two identical or different subunits
are covalently linked (Fig. 5A). Unlike co-injection of two dif-
ferent cRNAs that generates a mix of homo- and heterodimeric
channels, this technique gives access to pure heteromeric chan-
nels. Subcellular distributions of the covalent tandems were
compared with the distribution of mCherryFP-PH-PLC�, a
transfected plasma membrane protein, and of calreticulin, an

FIGURE 5. Subcellular distribution and electrophysiology of covalent tandems of THIK subunits (Td-THIK-THIK). A, plasmids expressing covalent dimers
were designed by fusing in-frame the sequences coding for THIK1 and THIK2. A tag sequence was introduced at the C-terminal region of the tandem (Myc or
HA tags). N, N terminus; C, C terminus. B, subcellular distribution of tandems of THIKs in transfected MDCK cells. Cells were labeled with primary anti-tag
antibodies for the detection of the tandems (green) and with primary antibodies directed against endogenous calreticulin, a resident protein from the ER, or
transfected mCherryFP-PH-PLC�, a plasma membrane marker (in red). C, averaged current-voltage (I-V) relationships obtained from currents recorded from
oocytes injected with 10 ng of Td-THIK1-THIK1-Myc, Td-THIK2-THIK2-HA, or Td-THIK1-THIK2-HA cRNAs. Amplitude values are taken at the steady state of the
depolarization pulses and correspond to mean 	 S.E., n 
 7 oocytes/condition. D, steady-state current amplitude at 0 mV (mean 	 S.E.) for wild-type and
mutant homodimeric and heterodimeric tandems. 10 ng of cRNA were injected, and oocytes were recorded 1 day after injection. The number of oocytes per
condition is indicated in parentheses.
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endogenous endoplasmic reticulum (ER) resident protein. Like
THIK1 (26), Td-THIK1-THIK1 channels distribute to the
cell surface where they strongly co-localize with the plasma
membrane fluorescent protein (Fig. 5B). Like THIK2 (26),
Td-THIK2-THIK2 channels show an intracellular staining that
co-localizes with the ER marker (Fig. 5B). These results show
that the covalent link does not affect the folding, assembly,
and trafficking of the homomeric channels in their respective
compartments. More interestingly, the heteromeric tandem
Td-THIK1-THIK2 is distributed mainly at the plasma mem-
brane, suggesting that the association of THIK1 with THIK2
overcomes the ER retention signal present in THIK2, promot-
ing the recruitment of the heteromeric tandem at the plasma
membrane.

To test the functionality of heteromeric channels, we com-
pared the currents produced by Td-THIK1-THIK2 with
Td-THIK1-THIK1 and Td-THIK2-THIK2 (Fig. 5, C and D).
Although Td-THIK2-THIK2 does not generate macroscopic
currents as expected, both Td-THIK1-THIK1 and Td-THIK1-
THIK2 produce K� currents. These currents are of comparable
amplitudes (0.9 	 0.09 �A, n 
 7 versus 1.1 	 0.1 �A, n 
 7 at
0 mV) with similar hyperpolarized reversal potentials (�81.4 	
2.8 mV versus �80.7 	 2 mV, Fig. 5C). Introducing the gating
mutations that stimulate THIK2 (A155P,I158D) into Td-
THIK1-THIK2 produces a strong current increase (5.9 	
0.3 �A, n 
 8, Fig. 5D), whereas introducing the dominant
negative mutation results in a complete inhibition (0.09 	
0.05 �A, n 
 10, Fig. 5D). These results show that the current
produced by Td-THIK1-THIK2 is generated by ionic pores
comprising the pore domains of both THIK1 and THIK2, and
not by the association of THIK1 moieties from different
Td-THIK1-THIK2.

Interestingly, the currents produced by Td-THIK1-THIK1
and Td-THIK1-THIK2 exhibit different kinetics (Fig. 6A).

Activation kinetics of Td-THIK1-THIK1 are instantaneous,
but are slightly delayed for Td-THIK1-THIK2. Although the
current kinetics of Td-THIK1-THIK1 are similar to those of
THIK1, the kinetics of Td-THIK1-THIK2 resemble the ones of
THIK2-A155P (26). We have shown that the proline mutation
is unrelated to these particular kinetics that seem rather char-
acteristics of THIK2 (26). This observation is consistent with
the fact that THIK1 and THIK2 form functional heteromulti-
meric channels with current properties different from homo-
multimeric THIK1 channels. We also compared kinetics of the
currents produced by tandems containing THIK2 and THIK2-
A155P-I158D (THIK2**), to take advantage of the dramatic
effect of the double mutation on THIK2 channel gating. Tan-
dem channels containing THIK1 linked to either THIK2 or
THIK2** generate current with different properties (Fig. 6A).
Tandems containing THIK2** produce more currents that sat-
urate upon strong depolarizations (Fig. 6A). All these results,
combined with the effects of the dominant negative subunits,
show that in addition to forming homodimeric channels, the
two THIK subunits can associate to produce heterodimers with
distinct properties.

Single Channel Properties of Homodimeric and Heterodi-
meric THIK Channels—To compare the conductance among
THIK1 homodimers, THIK2 homodimers and THIK1/THIK2
heterodimers at the single-channel level, cell-attached patches
were formed on HEK293 cells using pipette and bath solutions
containing 150 mM KCl. Cells were transfected with THIK1,
THIK2-5RA (26), or Td-THIK1-THIK2 for the expression of
pure heterodimeric channels. Single-channel openings of
THIK channels at �100 mV and �100 mV are shown in Fig. 6B.
The current-voltage relationship was plotted using the mean
amplitude values at different potentials. In agreement with an
earlier study (34), cells transfected with THIK-1 showed short
and spiky channel opening and a weak inward rectification. The

FIGURE 6. Td-THIK1-THIK2 current and single channel recording. A, THIK1-THIK2 covalent tandems are functional and present intermediate current kinetics.
Td-THIK1-THIK1, Td-THIK2-THIK2, Td-THIK1-THIK2, or Td-THIK1-THIK2** tandems were expressed in Xenopus oocytes. Currents were recorded at membrane
potentials ranging from �120 mV to �60 mV from a holding potential of �80 mV in 10-mV increments. B, left, single-channel recordings from transfected
HEK293 cells expressing THIK1, THIK2-5RA, or Td-THIK1-THIK2. Currents were recorded in cell-attached patches held at pipette potentials of �100 and �100
mV in bath solution containing 150 mM KCl. Channel openings are indicated by dotted lines. Right, single channel current-voltage relationships of THIK1, THIK2,
and Td-THIK1-THIK2. Data are represented as mean 	 S.E.
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unitary conductance was �5 pS. THIK2 also showed small con-
ductance with a noisy open state and a linear relationship
between current and voltage. The single-channel conductance
was 2.5 	 1.0 pS, n 
 5 at �100 mV. The single-channel con-
ductance of THIK1/THIK2 heterodimers was 3.5 	 0.8 pS, n 

5, intermediate between THIK1 and THIK2. THIK channels
with short and spiky openings were active at all the membrane
potentials tested in this study.

DISCUSSION

THIK Subunit Dimerization—Among the 15 K2P channel
subunits, only one example of heteromerization has been
extensively documented in vitro and in vivo that relates to
TASK1 and TASK3 subunits (18, 19). Dominant negative sub-
units have been used to establish the heteromerization of TASK
channels in heterologous systems (18, 32). By using the same
approach, we were able to reciprocally abolish THIK1 and
THIK2 current in Xenopus oocytes by using non-conducting
THIK2DN and THIK1DN mutants (Fig. 2). In another study, the
authors took advantage of the difference in ruthenium red and
pH sensitivities between TASK1 and TASK3 subunits to fur-
ther characterize heterodimeric channels (19). Co-expression
of TASK1 and TASK3 yielded currents with pharmacological
properties distinct from the linear combinations of TASK1 and
TASK3 homodimeric currents. The same features were
obtained with tandem constructs in which TASK1 and TASK3
were covalently linked together (19). We previously found that
THIK1 and THIK2 channels were insensitive to pH and inhib-
ited to the same extent by halothane (26). In this context, it is
not surprising that the co-expression of THIK2 with THIK1
does not affect current characteristic as has been reported ear-
lier (24) (Fig. 1). However, it does not mean that THIK2 cannot
be part of the recorded channel. To overcome this limitation,
we took advantage of a THIK2 mutant channel (I158D) show-
ing current saturation upon depolarization. We generated
covalent tandems of THIK channels to prevent contamination
by homomeric channels that would affect analysis of hetero-
meric channels. This allowed us to record Td-THIK1-THIK2
currents (Fig. 5). Moreover, Td-THIK1-THIK2** produces cur-
rents with higher amplitude and intermediate rectification
properties (Figs. 5 and 6), whereas Td-THIK1-THIK2**DN had
lost its functionality. These results confirm the involvement of
THIK2 in the formation of active heteromeric channels. Phys-
ical association of THIK subunits was also supported by
Duolink in situ proximity ligation assay and FRET, two tech-
niques commonly used to visualize two proteins in very close
spatial proximity (Figs. 3 and 4).

Single-channel Properties of THIK Channels—A recent study
has shown that THIK1 has a very small single-channel conduc-
tance (�5 pS at �100 mV) and short open time duration (�0.5
ms) (34). Thus, THIK1 was the K2P channel with the smallest
unitary conductance reported so far. Here, we show that the
conductance of THIK2 is even smaller (�2.5 pS). Interestingly,
THIK1-THIK2 heterodimers display an intermediate single-
channel conductance of �3.5 pS. These small unitary conduc-
tances are characteristic of THIK currents and should help to
identify native THIK currents. However, the slight difference
between these single channel conductances may impair the

distinction between THIK channels, especially between
homodimers and heterodimers. Functional expression of
THIK2 and Td-THIK1-THIK2 should help to carry a better
characterization of their regulations and pharmacological pro-
files. Together with the reported differences in current kinetics
and single channel properties, these data will be useful to iden-
tify the corresponding K� channels in native cells.

THIK Channel Trafficking—The N-terminal region of
THIK2 is responsible for intracellular retention of the homo-
meric channel in the ER. This retention limits the surface
expression of THIK2 channel but could also, in the context of
heteromerization, impact the trafficking of THIK1 channels.
Such negative effect has been reported for Kir3.3, which
decreases current and surface expression of Kir3.1-containing
heteromers (35, 36). We have found no major negative effect of
THIK2 expression on THIK1. Rather, we observed complete
relocalization of THIK2 to the plasma membrane when associ-
ated with THIK1 (Fig. 5). Retention due to arginine-based
motifs can be masked or unmasked in multimeric channel com-
plexes, controlling composition and stoichiometry of these
complexes at the cell surface. For example, KATP channels are
active as an octameric complex consisting of four Kir proteins
and four SUR proteins (37–39). Each subunit contains an ER
retention motif similar to the one present in THIK2. After com-
plete assembly of the octameric KATP channel, when all ER
retention motifs are shielded by assembling and folding of the
multimeric complex, the functional channel reaches the surface
and plays its physiological role (40, 41). Because THIK1-THIK2
heterodimers localize at the cell surface in MDCK (Fig. 5B) and
produce currents in oocytes (Fig. 5C), we can speculate that in
the tandem, THIK1 masks the ER retention/retrieval motif of
THIK2. THIK2 homomultimeric channels are poorly active
due to combined intracellular retention and low basal activity.
Association with THIK1 relieves ER retention and low intrinsic
activity, suggesting that this heteromerization may be the pre-
ferred way for THIK2 to exert its function. This may also be true
for other silent K2P channels such as KCNK7 and TASK5 for
which no current has yet been recorded despite experimental
attempts to restore their functionality (42– 44). However,
because mutations that enhance THIK2 channel activity can
generate currents of high amplitude in oocytes expressing
THIK2 alone or Td-THIK2-THIK2, and because phosphoryla-
tion seems to control THIK2 trafficking (26), THIK2 could also
operate as a homomultimeric channel stimulated by signaling
pathways that have not been identified yet.

Functional Significance—THIK1 and THIK2 have distinct
cell and tissue expression patterns. However, overlapping dis-
tributions in some tissues suggest in vivo formation of func-
tional heterodimers, for instance in the olfactory bulb or hip-
pocampus of adult rat brain (24) and in mouse, rat, and human
kidneys (31). Also, changes in the ratio of THIK1 and THIK2 in
some tissues or in certain conditions may also significantly
influence assembly and composition of THIK channels. Mouse
THIK2 transcripts, but not THIK1, are up-regulated specifi-
cally in post-migratory cerebellar granule cells during develop-
ment (45). Similarly, expression of THIK2, but not THIK1,
decreases in the cochlear nucleus of a rat model of deafness (46,
47) and in the striatum of chronically nicotine-treated rats (48).
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Interestingly, after cutaneous inflammation, THIK1 and
THIK2 transcripts are regulated in an opposite manner in rat
dorsal root ganglion neurons (49). In all these different condi-
tions, the ratio between homomultimeric and heteromultim-
eric channels would be influenced by the transcriptional regu-
lation of each THIK subunit. In specific tissues and/or upon
specific regulation, the cell may favor formation of homomul-
timeric or heteromultimeric THIK channels providing an addi-
tional diversity of K� currents.
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